In July 2008, five people were killed by a tragic flash flood caused by a local torrential heavy rainfall in a short time in Toga River. From this tragic accident, we realized that a system which can detect hazardous rain-cells in the earlier stage is strongly needed and would provide an additional 5 to 10 min for evacuation. By analyzing this event, we verified that a first radar echo aloft, by volume scan observation, is a practical and important sign for early warning of flash flood, and we named a first echo as a "baby-rain-cell" of Guerrilla-heavy rainfall. Also, we found a vertical vorticity criterion for identifying hazardous rain-cells and developed a heavy rainfall prediction system that has the important feature of not missing any hazardous rain-cell. Being able to detect heavy rainfall by 23.6 min on average before it reaches the ground, this system is implemented in XRAIN in the Kinki area. Additionally, to resolve the relationship between baby-rain-cell growth and vorticity behavior, we carried out an analysis of vorticity inside baby-rain-cells and verified that a pair of positive and negative vertical vortex tubes as well as an updraft between them existed in a rain-cell in the early stage.
Introduction
On July 28, 2008, a tragic flash flood occurred in Toga River, Kobe City, Japan, washing away fifty people who were enjoying sunny weather and playing in river parks; this disaster resulted in five fatalities. This disaster drew much attention from government authorities and the engineering community for investigation of disaster factors. A survey report [1] showed that the runoff response of this incident was about 10 min, and most of the flood water came from the sewer system of urban areas during a severely localized heavy rainfall. Therefore, this tragic disaster was the result of a combination of paved urban area and severely localized heavy rainfall.
Recently, weather analyses have shown that localized heavy rainfalls have become increasingly frequent during the summer season. In Japan, there are many short rivers similar to Toga River with small basins about only 10 km 2 and sewage systems, and most of the rivers are used as public parks. Thus, these public parks in rivers are likely to be dangerous during severely localized heavy rainfall events, for example, 30 min rainfall at an intensity of 50 mm/h. In addition, based on photos recorded by a public monitoring camera near the location of the flood incident, there was no obvious in situ sign before the sudden approach of the flood. This indicates that the time for response after the flood arrived was not sufficient. Therefore, it is imperative to develop a methodology for early warning of flash floods before localized heavy rainfalls reach the ground. Such localized torrential rainfalls are known as "Guerrilla-heavy rainfalls," which is a popular term in Japanese news media denoting a short localized heavy rainfall. A Guerrilla-heavy rainfall is generally formed by even an isolated cumulonimbus cloud which is suddenly generated aloft and develops rapidly in a very short time. Therefore, it is very difficult to predict a flash flood caused by Guerrilla-heavy rainfall. For 2 Advances in Meteorology example, in the Toga River case, there was only about ten minutes for the operating radar, which observed using Plan Position Indicator (PPI) scans at a low elevation angle, to receive signals of the rainfall event before the flood reached the incident location. Thus, in order to prevent such flash flood disasters, it is very necessary to develop a system that can detect hazardous rain-cells in the earlier stage to save more than 5 to 10 min and issue an alert for people to evacuate from river parks to a higher position before flood arrival. This is the main objective of the present research.
In this paper, we shall propose a novel Guerrilla-heavy rainfall prediction system. The structure of this paper is as follows. Section 2 introduces an analysis of the Toga River event using a C-band radar. The result shows that monitoring by volume scan operation is very effective for observing a first radar echo of a rain-cell in an upper atmospheric layer and facilitates detection of a severe storm that might cause Guerrilla-heavy rainfall. Further, Section 3 describes a method for identifying hazardous rain-cells that may cause Guerrilla-heavy rainfalls using vertical vorticity values inside rain-cells obtained by Doppler radar observation. Then, the novel Guerrilla-heavy rainfall prediction system is introduced. To resolve the relationship between growth of a rain-cell and vorticity inside the rain-cell, Section 4 presents an analysis of the structure of vertical vortex tubes inside rain-cells. Finally, Section 5 summarizes and discusses the advantages of the system as well as our ongoing research.
Early Detection of Rain-Cells Using Volume Scan Radar Observation
In this study, early detection is defined as detecting the existence of a first radar echo from a rain-cell in an upper atmospheric layer. This is because it is very essential to broadcast the risk information of a flash flood to the public people before a raindrop reaches the ground or before a tragic flash flood approaches even if the information is distributed at the timing of first radar echo appearance aloft. Nakakita et al. [2] analyzed the Toga River flash flood event and verified that the first radar echo in an upper atmospheric layer was detected through a volume scan observation with an operational C-band radar. Nakakita et al. [3] named a first radar echo aloft in a cumulonimbus cloud as a "baby-rain-cell" and emphasized that a baby-raincell was a very effective sign for issuing early flash flood evacuation warnings. Based on this research, the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) of Japan has finished installing a new weather radar network, called "X-band polarimetric RAdar Information Network" (XRAIN), in major urban areas around Japan since 2010 in order to prevent flash flood disasters through faster detection of localized heavy rainfall events.
In the following section, we present an analysis of the Toga River event using a C-band radar as well as the introduction of XRAIN.
Analysis of Toga River Event Using a C-Band Radar. Toga
River, which is located in Kobe City in Japan, is a popular place for people to enjoy the waterfront during sunny days in the summer season (see Figure 1 (a) for field photo). On July 28, 2008, as usual, many people were enjoying the sunny weather in the river parks in Toga River. A slight shower occurred, and then, without any significant sign or time of react, a flash flood surge suddenly struck the river parks at 14:42 and washed away the people. Figure 1(b) shows field snapshots at different times of the day in Toga River during this flood event. As is shown in Figure 2 , according to figures of rainfall intensity from low angle observation by C-band radars operated by the MLIT, heavy rainfall occurred over the basin of Toga River at 14:35. This means that seven minutes was available to issue a flash flood warning. Seven minutes may appear to be sufficient for issuing an evacuation warning; however, in fact, it took about ten minutes to finalize procedures of making figures and distributing it to the public officials. Thus, conventional methods for rainfall observation may not provide early enough detection to protect people from disasters caused by flash floods. Therefore, it is emphasized that an additional five to ten minutes for early detection of heavy rainfall is absolutely and imperatively required.
In the last few decades, for scientific purposes, many researchers have focused on a first radar echo of a thunderstorm to analyze cloud structure, for example, [4, 5] , and to understand the mechanism of precipitation onsets, for example, [6, 7] . We focused on a first radar echo and attempted to use it as a sign of early detection [2] . It should be noted that while there have been many studies focused on a first radar echoes, this was the first trial utilizing a first radar echo in a practical rainstorm prediction algorithm based on an operational radar network.
We analyzed the three-dimensional structure of reflectivity in the upper atmospheric layer over the target basin using volume scan radar observation data, as is shown in Figure 3 [2]. Data were obtained from the Miyama C-band radar, operated by the MLIT and the time interval of observation was seven minutes and thirty seconds. The first echo of the hazardous cloud in the upper atmospheric layer was captured at around 14:13. At that time, any raindrops have not reached the ground yet. Most importantly, data from volume scan observations indicate that a hazardous cloud was detected about 30 min before the flood occurrence. According to this result, it is obvious that detecting a first radar echo is quite effective to predict a flash flood. Hence, we termed a first radar echo aloft in a cumulonimbus cloud as a "baby-raincell" and argued that a baby-rain-cell is a very effective sign for issuing an early flood evacuation warning [3] .
To sum up, the three-dimensional information provided by volume scan mode has been proven to be practical and useful for the detection of hazardous rain-cells in the early stage.
New Japanese Radar Network Using X-Band Radars.
Owing to the advantage of volume scan observations [2] , the MLIT has started installing many X-band radars, which provide volume scan observation data with high spatial and temporal resolutions, throughout Japan. Table 1 higher spatial and temporal resolutions than the Miyama Cband radar. Additionally, the X-band radar observes not only reflectivity and Doppler velocity but also various polarimetric parameters. These new parameters are used operationally for calculating the rainfall intensity as well as experimentally for many fundamental researches. However, compared with the C-band radar, the X-band radar has two disadvantages:
(1) high rain attenuation and (2) short observation range. To overcome the two drawbacks, many similar concepts of densely overlapped radar observation networks have been proposed, for example, [8] [9] [10] . Following this concept, the MLIT has constructed a new weather radar network, XRAIN in major urban areas in Japan since 2010. As of now, the MLIT has finished installing 39 X-band radars. Figure 4 illustrates the radar distribution as well as the observation ranges. For more precise observation in some specific areas, more radars were installed for greater overlapping of the observation ranges. Each X-band radar finishes one volume scan observation in 5 min. Additionally, to overcome the attenuation problem, the MLIT corrects the observed reflectivity and differential reflectivity ( DR ) using specific differential phase ( DP ) [11, 12] . After correction, only the surface data from all individual radar is operationally processed and condensed together into one composite surface rain data with high spatial (250 m by 250 m) and temporal resolutions (one minute interval) [12] . The data is operationally distributed to the public as a standard real-time product [13] . However, different from the surface rain data, three-dimensional volume scan data is not distributed to the public. For different objectives, we processed the volume scan data in different manners. For earlier detection, volume scan data of four radars in the Kinki area was merged into three-dimensional Cartesian coordinate system, as is mentioned in Section 3; for basic analysis, volume scan data of each four radars was utilized directly without any interpolation or composition, as is shown in Section 4. Then, with the data from XRAIN, Nakakita et al. [14] proposed a prediction methodology for Guerrilla-heavy rainfall using vertical vorticity values inside a rain-cell. This methodology is elaborated in Section 3.
Early Detection and Risk Prediction
System for Guerrilla-Heavy Rainfall
As mentioned in Section 2, XRAIN is applicable for detection of baby-rain-cells aloft in the very early stage. However, as not all rain-cells aloft develop into severe storms, identification of the danger level of the detected rain-cell is a critical issue for precise flood warning. Nakakita et al. [14] found that rain-cells that caused Guerrilla-heavy rainfalls had vertical vorticity values greater than or equal to 0.03 s −1 inside the rain-cells and proposed a methodology for the prediction of Guerilla-heavy rainfalls by utilizing vertical vorticity, as introduced in the following section.
Vorticity in the Early
Stage of a Supercell. Referring to cloud dynamics [15] [16] [17] , the characteristic behavior of supercell evolution in the early stage is vortex tube tilting. oriented vortex tube, which is indicated by circular arrows in Figure 5 (a). If this horizontal vortex tube meets an updraft, the tube is tilted and transferred into the vertical vortex tube along the updraft. Hence, a pair of positive and negative vertical vortex tubes appears in the rain-cell, as shown in Figure 5 (b). However, even though the behavior of vortex tube tilting is well understood for the formation of a supercell in the early stage, the early stage of development of baby-raincells, which form Guerrilla-heavy rainfalls, is still unknown. Nevertheless, by physical intuition, a rain-cell for a Guerrillaheavy rainfall can be reasonably assumed to have the motion of vertical vorticities, analogous to a supercell. Therefore, in order to appropriately identify the potential danger level of a baby-rain-cell aloft, Nakakita et al. [18] proposed a methodology for identifying danger level using vertical vorticity values inside a baby-rain-cell. Data processing and efficacy verification of this method are described in the next section.
Identification of Hazardous Rain-Cells Using Vertical Vorticity

Methodology of Data Processing.
Three-dimensional volume scan data from four radars in the Kinki area, as is shown in Figure 6 , was used for the research. As one cycle for volume scan observation takes five minutes, the time interval for analysis was set to be five minutes. In this study, reflectivity and Doppler velocity in the polar coordinate system were used. For calculation of vorticity, all data were transformed into three-dimensional Cartesian coordinate system by interpolation. For the transformation, the initial dimension of a unit rectangular element for the two types of data is 200 m × 200 m × 200 m. However, to exclude interruption from noisy echoes in the background, reflectivity data was further averaged into a larger unit element with a dimension of 500 m × 500 m × 250 m, and its threshold was set to be 20 dBZ. For calculation of vertical vorticity inside a baby-raincell, the transformed Doppler velocity data was used [18] . As Doppler velocity can only measure the radial component of a target's velocity relative to the radar, it cannot provide complete information of a target with a large tangential velocity component. This means that some estimations are required to obtain reasonable values of vorticity using Doppler velocity data. To solve this, we used Doppler velocity along the beam line with multiple radar observation. To calculate approximate vorticity, we introduced an eightdirection classification and eight different equations for more precise estimation [18] , as shown in Figure 7 . Then, at a given location, from all vorticities calculated using volume scan observation data from the four radars in the Kinki area, the largest one is selected as the representative vorticity. With this methodology, approximate vorticity can be obtained. The vorticity criterion is set to be 0.03 s −1 , which denotes that vorticity with a value greater than 0.03 s −1 is considered as our target in a rain-cell in the early stage. Special attention is given such that even if the real vorticity is unavailable, the approximate one is applicable to the purpose of qualitative identification of the danger level of a baby-rain-cell.
In the next section, we introduce the evaluation of the largest vertical vorticity for detection of a hazardous rain-cell.
Evaluation of the Efficiency of Vorticity.
A Guerrillaheavy rainfall is defined as a rainstorm generated by an isolated cumulonimbus cloud with an intensity of more than 50 mm/h within 30 min after rainfall reaches the ground. To evaluate the efficiency of vorticity for identification of the danger level, we investigated 35 Guerrilla-heavy rainfall events, including the ones in Nakakita et al. [14] , from 2010 to 2013. Details of the collected events are tabulated in Table 2 , including occurrence date, time of first echo detection, first time of detection of vorticity greater than or equal to 0.03 s −1 , and time and maximum rainfall intensity on the ground. All the events had vertical vorticity in the early stages before severe rainfall reached the ground. Figure 8 (a) shows statistics of the elapsed time since the first echo of a rain-cell was detected. Green bars denote the time interval between the vorticity detection and the first echo detection; the average time was 1.7 min. Orange bars represent the time interval between the maximum rainfall intensity observation and the first radar echo detection; the average time was 25.3 min. By average values, vorticity was detected 23.6 min earlier than the time at which maximum rainfall intensity occurred. As is shown in Figure 8 (a), special attention was given such that, in our collected events, there was no event where vorticity and maximum rainfall intensity were detected simultaneously. In addition, Figure 8(b) illustrates the interval between the time of maximum rainfall intensity and vorticity detection. We found that the time at which the vorticity was detected was at least 10 min earlier than time at which the Guerrilla-heavy rainfall reached the ground. From this, vertical vorticity is proven to be an effective index for detection of a hazardous rain-cell and, further, for a Guerrilla-heavy rainfall prediction system, as is introduced in the next subsection.
Development of Guerrilla-Heavy Rainfall Prediction System.
Vorticity is an effective index to identify hazardous rain-cells that may develop into a severe storm leading to a Guerrilla-heavy rainfall. Based on this result, we developed a Guerrilla-heavy rainfall prediction system that include three major steps in the algorithm [14] : (1) detection of a babyrain-cell in the early stage of a rainstorm, (2) identification of the initial danger level of baby-rain-cells using estimated vorticity, and (3) three-dimensional tracking of the rain-cell until it develops into a rainstorm. The methodologies of early detection and identification of a baby-rain-cell have been described above.
The algorithm identifies rain-cells in three steps and classifies them under five danger levels (L1-L5) in different colors, as is shown in Figure 9 . In the first step (1) a volume threshold, ranging from 0.125 km 3 to 62.5 km 3 , is utilized to search baby-rain-cells. In the prediction system, rain-cells with volumes less than 0.125 km 3 or greater than 62.5 km 3 are not considered baby-rain-cells and are excluded.
The second step (2) is to identify initial baby-rain-cells by using a vorticity criterion of 0.03 s −1 . Baby-rain-cells that do not include vorticity greater than or equal to the criterion are considered less dangerous and marked as L1 (blue); otherwise, baby-rain-cells with vorticity greater than or equal to the criterion are potentially dangerous and marked as L2 (yellow).
After identifying baby-rain-cells, the final step is to continually track the generated rain-cells and to identify their danger level of time variation. After being classified into the initial danger levels for baby-rain-cells (L1 and L2), the rain-cells are identified in the next time step using other danger levels, L3 (red), L4 (aqua), and L5 (gray). The vorticity criterion of 0.03 s −1 is still utilized to determine the danger level. Rain-cells with vorticities greater than or equal to this criterion are considered very dangerous and marked as L3. Rain-cells that do not include vorticity greater than or equal to the criterion are considered less dangerous and marked as L4. Finally, the remaining rain-cells are not the tracking targets and they are marked as L5.
To track hazardous cells, we propose an algorithm for rain-cell-tracking [14] which is introduced as follows. As the maximum moving speed of a rain-cell is around 60 km/h, the maximum moving range in 5 min is about 5 km. Therefore, for all marked cells, a rain-cell-tracking algorithm, based on the connected component labeling (CCL) scheme [19] , is performed to find the nearest cell within the moving range of 5 km in the next time step. Figure 9 demonstrates one example of prediction. In the three-dimensional figures in the upper part, a new babyrain-cell is initially detected at 16:10 and marked as L1 (blue) because its vorticity was less than the vorticity criterion. In the next time step, at 16:15, the baby-rain-cell was identified as a dangerous cell and marked as L3 (red). As is shown in Figure 9 , the baby-rain-cell was detected before the rainfall reached the ground at 16:10. Furthermore, at 16:15, the prediction system had already identified the baby-rain-cell as hazardous when slight rainfall appeared on the ground. This example proves that the prediction system can detect and identify a hazardous rain-cell in its early stage before a heavy rainfall reaches the ground.
To sum up, we showed that all rain-cells that caused Guerrilla-heavy rainfall had vertical vorticity values greater than or equal to 0.03 s −1 from the case study [14] . Based on this result, we developed a Guerrilla-heavy rainfall prediction system that does not miss predicting hazardous rain-cells [14] . As no hazardous rain-cell is missed in the prediction, the system is quite helpful for disaster prevention. Therefore, this pioneering and practical system has been adapted by the MLIT and implemented at five radar stations of XRAIN in the Kinki area [20] . One example in real practice is illustrated in Figure 10 . However, not all baby-cells with large vertical vorticity values develop into severe storms leading to Guerrilla-heavy rainfalls, but in our system, these raincells will also be identified as hazardous rain-cells. In the recent research [21] , the system has 17.1% false prediction rate over 70 events. For real practice, this rate of false prediction 8 Advances in Meteorology is considered to be low and acceptable. Although this is an overestimation of hazardous rain-cells, from the viewpoint of disaster prevention, the fact that there are no missing predictions ensures the safety of people. To the best of our knowledge, this localized torrential rainfall prediction system is the safest in the world.
An Analysis of Vortex Tube Structure
As is mentioned in the Section 3, vertical vorticity values can be used to successfully identify hazardous baby-rain-cells aloft before they cause Guerrilla-heavy rainfalls. However, the reason why the vorticity is effective in identifying hazardous baby-rain-cells is still unclear. Hence, we carried out an analysis of vorticity inside rain-cells that caused Guerrillaheavy rainfall in order to resolve the relationship between baby-rain-cell growth and corresponding vorticity behavior. Additionally, improved understanding of baby-rain-cell development facilitates quantification of heavy rainfall risk. As indicated in Section 3.1, vortex tube tilting is the characteristic phenomenon of early stage supercell development. In an analysis of rain-cells in 35 events that did not develop into a supercell, Nakakita et al. [14] found vorticity values greater than or equal to 0.03 s −1 . Based on this result, we L1 less dangerous baby-rain-cell L2 likely dangerous baby-rain-cell L3 dangerous baby-rain-cell L4 likely safe baby-rain-cell L5 others (c) Figure 9 : Risk prediction of a baby-rain-cell using the Guerrilla-heavy rainfall system: three-dimensional figures (a), two-dimensional rainfall intensity figures (b), and legends of each danger level (c).
assume that the growth of a baby-rain-cell is similar to that of a supercell. To verify this assumption, we analyzed the vorticity distribution inside baby-rain-cells for 16 selected Guerrilla-heavy rainfall events. In the following, we describe the data processing methodology, vorticity distribution analysis, and verification of vortex tube behavior inside babyrain-cells.
Methodology of Data Processing.
As our focus is on analysis of the vorticity structure in baby-rain-cells, obtaining an accurate vorticity distribution is crucial. In our study, we used observed reflectivity and Doppler velocity. To focus on accurate vorticity distribution, we propose a new data processing methodology. In what follows, we shall present the new methodology and compare it with conventional methodology [14] .
(1) Coordinate System Transformation. In the analysis by Nakakita et al. [18] , as the original data is in the polar coordinate system, an interpolation method was utilized to transform the polar coordinate system into the threedimensional Cartesian coordinate system. For reflectivity and Doppler velocity, the (x, y, z) dimensions of a unit element are 500 m × 500 m × 250 m and 200 m × 200 m × 200 m, respectively. Meantime, as the duration of one cycle of radar volume scan is five minutes, the analysis time interval was also set to be five minutes. However, we considered this methodology to be applicable to the present study, because 
Figure 10: One example of the results using the Guerrilla-heavy rainfall prediction system by radars of the MLIT [20] . Circles in different colors denote the dangerous range and the corresponding danger level.
the spatial resolution of data is too low to analyze small and rapidly growing baby-rain-cells, and interpolation may cause artificial distortion of data. Therefore, to obtain precise vorticity distribution, we utilized a new methodology of data processing for extraction of the vorticity distribution from Doppler velocity. Raw data in the polar coordinate system was directly used for vorticity frequency analysis, without interpolation. Note that, for figure illustrations and vortex tube analysis, we used the plane projection method to convert PPI scan data to planar data in the two-dimensional Cartesian coordinate system. Also for detailed display, the spatial resolution in each plane is 50 m by 50 m. With data in the high spatial resolutions, we can accurately analyze the behavior of a small rain-cell.
(2) Noise Data Threshold. The threshold of noise data is critical in radar data processing to avoid interruption from noise echoes. In conventional study, the threshold is set at 20 dBZ for reflectivity data. However, as we focused on the very early stage of small rain-cell development, the reflectivity threshold was set at 5 dBZ, and Doppler velocity was directly used without being filtered by the reflectivity threshold. To distinguish real echoes from noise, we manually collected the first echo data by visual judgment of the reflectivity distribution and Doppler velocity. (3) Vorticity Calculation Method. We introduced an eightdirection classification and used eight different equations for calculating approximate vorticity [18] , as shown in Figure 7 . If varying vorticity values are obtained from different radar directions, we suggest selecting the largest positive vorticity value at a location to identify hazardous rain-cells of which the vorticity value is greater than or equal to 0.03 s −1 . We introduced a new methodology in the present study to obtain a more accurate vorticity distribution. As is shown in Figure 11 , vorticity is calculated by the adjacent meshes in Doppler velocity data in the polar coordinate system. It should be noted that our focus was to analyze vortex behavior in three-dimensions, so both positive and negative vorticity were important for analysis. So, in the vorticity distribution we kept all positive and negative values of vorticity at each location without selecting the greatest positive value. Furthermore, the criterion of absolute value of vorticity is set as 0.01 s −1 . With this value, which is much smaller than the conventional criterion 0.03 s −1 , we were able to analyze the relatively low vorticity of a very early stage rain-cell. Figure 12 illustrates examples of the data processing output for reflectivity, Doppler velocity, and vorticity distribution. Contour lines show height above the ground, and the interval between major contour lines is 1,000 m.
Vorticity Distribution Analysis.
We collected 16 Guerrilla-heavy rainfall events in 2013 and 2014 to analyze the vorticity distribution. Details of the events are tabulated in Table 3 , including occurrence date, time of first echo detection, first time of rainfall recorded on the ground, and time of maximum rainfall intensity. For each event, the count of vorticity is calculated using the processed data in the polar coordinate system. By summarizing the count and absolute value of vorticity in all baby-rain-cells, Figure 13 shows the frequency distribution of absolute value of vorticity in the first echo of all collected events. In the baby-rain-cells that did not form supercells, clearly, both positive and negative vorticity existed. And according to this figure, the positive vorticity frequency was greater than negative ( Figure 13 ). This may be due to large-scale positive vorticity in the background affecting small-scale vorticity in the first echoes. However, we focused on only qualitative analysis of the existence or absence of negative vorticity in baby-rain-cells. We will analyze the data on different frequencies of positive and negative in further work. Vertical vortex tubes were identified by connecting vorticity distributions at different altitudes, and we found they were present in all baby-rain-cells that did not evolve into supercells. Figure 14 demonstrates one example of vertical vortex tube structure from a rain-cell in one of the collected events. However, more evidence is needed to support our assumption. Hence, we estimated updraft region and analyzed the relationship between vorticity and updraft by a real event. We shall present the methodology and results in the next section.
Analysis of the Relationship between
Vortex Tubes and Updraft
Theoretical Vortex Tube Behavior in the Early Stage of a
Supercell. In recent decades, vortex tube structure has been investigated to clarify the supercell development process, for example, [15] [16] [17] , but, to our knowledge, systematic analysis of rain-cell vorticity distribution has not been investigated to date, except for supercells. This research is a pioneering study to analyze vortex tube structure at high spatial resolution, associated with a severe Guerrilla-heavy rainfall storm. Consider a horizontally oriented vortex tube induced by the vertical shear of a horizontal environmental wind which flows perpendicular to the vortex tube, as is shown in Figure 5 . Vertically oriented vortex tubes motion can be expressed by the vorticity equation in the z-direction [17] as
where ( , , ) are vorticities in the ( , , ) directions, respectively, and is the z-component of velocity. In the right hand side (RHS) of (1), the first two terms represent the tilting motion of a horizontal vortex tube by a vertical shear of horizontal wind, and the third term represents the stretching motion of the vertical vortex tube due to variable in the -axis direction. Vorticity motion is three-dimensional, and all components are nonlinearly coupled with each other, but for the sake of clear explanation only the vertical vorticity equation is presented here.
One example is given for explanation as follows. In an environment with vertical vorticity = 0 when a vertical shear of horizontal wind occurs / ̸ = 0, the horizontal vortex tube of begins to be tilted by the updraft. Hence, according to (1) , vertical vorticity starts to be altered by the tilting motion through the second term in the RHS. In this condition, the z-direction vorticity equation can be rearranged into
where ( ) is the velocity of an environmental wind. As is shown in Figure 5 (b), from (2) a positive vorticity is generated in the left side of the updraft relative to the shear flow ( / > 0), and simultaneously a negative vorticity appears in the right side of the updraft relative to the shear flow ( / < 0) instead. Once the pair of vertical vorticities is generated, an updraft feedback mechanism amplifies vertically oriented vortex tube by a stretching motion, as represented by the third term in (1) . From this theoretical explanation, we can conclude that a pair of positive and negative vortex tubes exists along the updraft. Further analysis is needed to verify this conclusions as discussed below. 
Methodology of Updraft
Identification. Hereafter, the relationship between an updraft and corresponding vorticity location is examined in a real event. The importance of an updraft for developing a pair of positive and negative vortex tubes in the vertical direction has been explained in Section 4.3.1. In order to identify updraft location, we utilized differential reflectivity ( DR ) and dual Doppler radar measurement.
(1) High
Column. DR is one of the polarimetric parameters, and many researchers have focused on DR to identify updraft location in thunderstorms, for example, [23] [24] [25] . DR depends on the shape and size of hydrometeors; negative values of DR can denote vertically oriented scatterers, while positive values denote horizontally oriented scatters, that is, Advances in Meteorology 13 raindrops. Generally, few raindrops exist above the freezing level, but with updraft some raindrops are lifted up above the freezing level; hence, a high DR column can be observed above the freezing level. Thus, this high DR column is an effective index to identify an updraft. As is mentioned in Section 2.2, DR is corrected to minimize the attenuation problem using DP by the MLIT [11] . In addition to this, in our study, we carried out additional DR correction using reflectivity. The concept of the correction and the calculation method are explained below. Small reflectivity near the ground indicates light rain, and then the raindrop shape must be round. As is mentioned above, DR depends on the shape of hydrometeors, so it should show almost 0 dB when the target shape is round. However, actual observed DR sometimes show larger (smaller) value than 0 dB when reflectivity is small value (greater than or equal to 5 dBZ and less than 20 dBZ). Thus, we calculated the bias value by a leastsquare technique so as to minimize the sum of squared errors of DR . For further details refer to Nakakita et al. [22] .
(2) Multiple Doppler Radar Analysis. The radars cannot observe vertical velocity; thus we estimated it with multiple Doppler radar analysis using the variational technique proposed by Shimizu and Maesaka [26] . This variational method minimizes a cost function J, defined as the sum of squared errors, in the entire analysis domain. In this study, the L-BFGS method proposed by Liu and Nocedal [27] was used to optimize the cost function. The cost function is defined as follows:
where is the difference between observed and analyzed radial velocity, is continuity equation error, m is the number of radars, u, v, and are velocity components of wind, , , and are the distance between the target and the radar site, is the target drop velocity, is the mean horizontal air density, and and are reciprocals of the error variance. Here, the Cartesian coordinate system is used for reflectivity and Doppler velocity, where the dimension of a unit rectangular element is 1 km × 1 km × 500 m. With these data, we estimated vertical velocity and identified the updraft region.
Analysis of Vortex Tube
Tilting in the Rain-Cell. Event 15 of Table 3 was selected for updraft identification based on clear vortex tube shapes and high DR above the freezing level. Figure 15 shows the (a) Doppler velocity observed by Tanokuchi radar and schematic diagram of tilting vortex tube, (b) vorticity calculated using Doppler velocity, (c) DR , and (d) vertical velocity computed by dual Doppler analysis using Katsuragi and Tanokuchi radar data. In this event, as the stronger west wind occurs at the high altitude, we can reasonably assume a horizontal vortex tube was generated due to vertical shear, as is shown in Figure 15(a) .
From the theoretical analysis in Section 4.3.2, the west wind should produce positive vorticity in the south and negative in the north from the theoretical analysis in the previous paragraphs as is shown in Figure 15 (a). As is shown in Figure 15 (b), the property above is successfully testified by the vorticity distribution using Doppler velocity. And it is noticed that a pair of vorticities was existed in the babyrain-cell. We consider that an updraft can produce the pair of vortex tubes in the early stage of the rain-cell. The result reinforces the hypothesis that vortex tube development in rain-cells forming a Guerrilla-heavy rainfall is similar to that in the early stage of supercell.
Analysis of Updraft Location.
Furthermore, since vortex tube structures have been shown to exist in rain-cells, an updraft must be present between the pair of positive and negative vorticity, as is shown in Figure 15 (a). We verify updraft location based on a high DR column location and multiple Doppler radar analysis. In this event, the bias value of DR was 0.68 dB. Thus, the bias value was subtracted from observed DR and we used corrected value for the analysis.
A high DR column can be extended above the freezing level by an updraft, for example, [23] [24] [25] . DR greater than or equal to 2 dB above the freezing level, which was 5,100 m in this event, is used for identification of the updraft location. Zero degree height was estimated using the sonde observation data operated by the Japan Meteorological Agency (JMA) in Shionomisaki in the Kinki area. As a result, a high DR column is found between positive and negative vorticities, as is shown in Figure 15 (c). For multiple Doppler radar analysis, we used two radar observations' data from Tanokuchi and Katsuragi. As is shown in Figure 15(d) , a strong updraft region is found between positive and negative vorticities. These results indicated that a pair of positive and negative vorticities coexists with an updraft in the rain-cell.
To sum up, through verification of vorticity distribution and updraft location with a real event, we have shown that vortex tube tilting, similar to that in a supercell, also exists in a rain-cell which forms a Guerrilla-heavy rainfall.
Conclusion
From the serious flood event in Toga River, we have realized that an additional period of more than five to ten minutes is quite vital and helpful to save precious human lives by evacuating people from a dangerous river before a flood arrival. To obtain this important period, we have developed a system for detection of hazardous rain-cells at an earlier stage.
To protect human life, The most crucial objective for any disaster prevention system is not to miss a disaster prediction. In our analysis, we found that all rain-cells which brought hazardous Guerrilla-heavy rainfalls exhibited vertical vorticity values greater than or equal to 0.03 s −1 . Therefore, to detect a Guerrilla-heavy rainfall, we utilized this vorticity criterion to develop a prediction system which would not miss prediction of any hazardous rain-cell. Regarding efficiency of real practical rainfall detection, this system has been implemented in five operating radar stations of XRAIN in the Kinki area.
Additionally, as a pioneering attempt, we also performed a brand new vorticity analysis of baby-rain-cells in the events of Guerrilla-heavy rainfalls. As a result, we verified the existence of vertical vortex tubes inside rain-cells which did not develop into supercells. Furthermore, vortex tube tilting motion, similar to that in a supercell, was also proven to exist in the rain-cell which formed a Guerrilla-heavy rainfall. These two results not only make a breakthrough of babyrain-cell analysis, but also help to clarify the importance of vorticity analysis for efficient identification of hazardous baby-rain-cells.
To better understand the developing mechanism of a baby-rain-cell, it is critical and necessary to analyze flow structure in a cumulonimbus cloud aloft in the atmosphere before raindrop generation. So, analysis of observation data from a cloud radar and a Light Detection and Ranging (Lidar) will be our future task. With better understanding, it is certain that the precise quantitative risk prediction system of Guerrilla-heavy rainfall could be realized, and perfect protection of human lives from flood disasters can be surely guaranteed in the near future.
